ABSTRACT The effects of in ovo feeding with threonine (Thr) on intestinal morphology, ileal gene expression and performance of broiler chicken between 1 and 21 d of age (d) were assessed. On day 17.5 of incubation, fertile eggs were randomly allotted to 5 treatments of Thr injection in the amniotic fluid (0; 1.75; 3.5; 5.25; 7%, corresponding to 17.5; 35; 52.5 and 70 mg Thr/mL). After hatch, chicks were given a commercial corn-soybean diet up to 21 d. Daily feed intake (FI), body weight (BW), and food conversion ratio (FCR) were measured from 1 to 7, 14, and 21 d of age. The ileal gene expression of mucin (MUC2), peptide transporter (PepT1), and aminopeptidase enzyme (APN) were evaluated on day of hatch and at 21 d, as well as intestinal morphometric traits.
INTRODUCTION
The post-hatch period is crucial for the chick and many changes occur in the first days that allow for the survival of the hatchling. The basal metabolic rate of the chicken embryo is increased in the period before hatch to prepare for the hatching process, during which the body energy storages are largely used. In the final week of incubation, glycogen storages are rapidly consumed to provide the energy that is needed for the final developmesnt of the embryo (Lu et al., 2007) . Maintaining the glycogen storage warrants the post-hatch development of the skeleton, the immune and digestive systems, and the thermoregulatory ability Dibner et al., 2007 Access to food might be delayed up to 72 h due to hatching window and to time until the placement in the poultry house. It must be considered that delaying food access negatively impacts both the maturation and the functional capacity of the intestines . Lower villus height, less absorption area and changes in enterocyte migration rate have been reported (Geyra et al., 2001) , as well as changes in the activity of brush border enzymes and mucin (Muc2) dynamics, affecting functions such as absorption and protection of the small intestine . Thus, food should be provided as soon as possible after hatch to increase survival rate of chicks in the first days of life, the rapid development of the gastrointestinal (GIT) mucosa and, consequently, nutrient absorption.
The early maturation of the GIT tract is key for post-hatch management, since this is the main source of nutrients and energy, which are essential for growth, development, thermoregulation, energy storage replenishment, and organism defenses (Foye et al., 2009) . In ovo feeding (IOF) may accelerate GIT maturation, improve nutrient assimilation, reduce post-hatch mortality, and stimulate the intestinal immune response (Uni and Ferket, 2004 ). An early GIT maturation is a result from the morphology growth and the functional development of nutrient transporters and brush border enzyme activity, such as the hydrogen-dependent peptide transporter (PepT1) and aminopeptidase N (APN), respectively. Di-and tri-peptides are released following protein hydrolysis in the luminal phase of digestion and these compounds can be either transported by PepT1 or further digested to free amino acids by APN. The expression of both PepT1 and APN was detected as early as the 15th day of embryo development (DE) in broilers and increased towards hatching (Speier et al., 2012) .
The integrity of the GIT mucosa is essential for digestion and absorption of nutrients. The first protective layer is provided by mucus, which acts as a protective layer of the intestinal epithelium, prevents against damage and pathogen infection and serves also as substrate for commensal bacteria fixation (Linden et al., 2008) . It also provides an appropriate environment for the activity of brush border enzymes and facilitate nutrient absorption (Smirnov et al., 2006) . Threonine (Thr) is largely used in the synthesis of Muc2, the main component of the mucus protective layer of the GIT mucosa. Therefore, Thr requirements depend on the demands resulting from many biological functions in which it is involved such as maintenance, integrity and immunity of diverse mucosa surfaces (Azzam et al., 2011; Mao et al., 2011) .
In ovo Thr supplementation increased the expression of the Muc2 in broilers (Bhanja et al., 2014) and quails (Kermanshahi et al., 2015) , suggesting improved protection of the intestinal mucosa against pathogens. Kadam et al. (2008) reported improved post-hatch growth and digestive enzyme activity in broilers supplemented in ovo with 20 and 30 mg of Thr in the yolk sac. Few studies assessed the potential of in ovo supplementation of Thr to promote GIT early development, improvement in intestinal immunity and posthatch performance of chicks. This study assessed the effect of different levels of Thr supplemented in ovo on the performance, intestinal morphology and expression of Muc2, PepT1, and APN.
MATERIAL AND METHODS
The study was carried out in the Poultry Science Nutrition Laboratory, Prestage Department of Poultry Sciences, North Carolina State University (NCSU), Raleigh-NC, USA. All management and slaughter techniques were approved by the Institutional Animal Care and Use Committee at North Carolina State University.
Incubation and In Ovo Supplementation
Nine hundred and fifty fertile eggs from Ross 708 breeders aged 38 wk were obtained from the experimental farm at NCSU, with mean weight of 63.02 ± 0.08 g. The eggs were randomly distributed in 5 treatments (n = 190 per group) according to the Thr concentration to be injected in ovo (0; 1.75; 3.5; 5.25, and 7% Thr). They were placed in egg incubators with standard temperature (37.7
• C) and humidity (60%) conditions and automatic turning at each hour. On the 11th day of incubation (DE11), non-fertile eggs were discarded after candling. Eggs with dead embryos were also separated and opened to determine the approximate age of the embryo. In ovo Thr supplementation was performed on DE17.5 according to Uni and Ferket (2003) . Briefly, all eggs were cleaned with 70% ethanol and punctured at the air chamber end. Nutritive solution (17.5; 35; 52.5, and 70 mg Thr/mL) was warmed to 30
• C and injected (0.6 mL) through the puncture in the amniotic fluid using 1-mL syringes and 21G needles. Inoculated eggs were placed in hatching trays and kept at 36.7
• C. After hatch, chicks were weighed individually and incubation was assessed by chick weight at hatch, total hatchability, fertile hatchability, pipped eggs, and embryo mortality.
Treatments and Management
Hatchlings (n = 260) were weighed individually and distributed according to a completely randomized design with 5 treatments and 4 repetitions with 13 animals per treatment in battery cages. The cages were equipped with electric heater, feeder, and waterer recommended for the initial phase (1 to 21 d). A cornsoybean meal diet was formulated for the initial phase based on the National Research Council (1994), with 23% CP, 3200 kcal/kg ME, 1.1% total Lysine, 0.9% total Methionine+Cystine and 0.8% total Thr. Feed intake, weight gain, and feed conversion were determined in the periods of 1 to 7 d, 1 to 14 d, and 1 to 21 d.
Histology Analyses
At day of hatch and 21 d of age, 6 birds were slaughtered per treatment by cervical dislocation and samples of approximately 2 cm were collected from the medial jejunum and ileum. The samples were rinsed with sterile saline (0.9% NaCl), placed in 10% buffered formalin for 24 h and then routinely processed by histology. Semi-serial sections were obtained, placed in glass slides and dyed with hematoxylin-eosin (HE) and alcian blue. Light microscopy was used for morphometry analysis with an image analyzer system (AmScope version 3.7, Irvine, CA). Villus height (VH), crypt depth (CD), and villus width at the apex (AW) and basis (BW) were measured. Ten measurements were made per bird, with a total of 60 measurements per variable per treatment. The average value was calculated per variable per bird. Villus: crypt ratio was calculated (VH/CD) and villus area was calculated according to Solis de Los Santos et al. (2005) as ((AW+BW/(VH×2)). 
RNA Extraction and Gene Expression
At day of hatch and 21 d of age, ileum mucosa was sampled from 5 birds per treatment. Samples were immersed in RNA Later (Ambion, Austin, TX) for 24 h and then kept at −20
• C until analysis. RNA was extracted with RNeasyMini Kit (Qiagen, Valencia, CA) following the standard procedure and the quality and purity were assessed with NanoDrop 2000 (Thermo Scientific, Wilmington, DE) based on 260/280 and 260/230 ratios. RNA was used for cDNA synthesis using the High Capacity cDNA Reverse Transcripition (Applied Biosystems, Foster City, CA) following the manufacturer's instructions.
Gene expression was determined using the Power SYBR green Master Mix (Applied Biosystems, Foster City, CA) and the real-time polymerase chain reaction (qPCR) was performed in the StepOnePlus RealTime PCR System (Applied Biosystems, Foster City, CA). Primer sequences were designed using the software Beacon Designer (Premier Biosoft, Palo Alto, CA) unless otherwise stated and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the reference gene. Sequences were MUC2 Forward (F) -5 AAG CCA GTC TCC TTC AGT AA 3 and MUC2 Reverse (R) -5 TGG TGT GGG AGC AGT GGT T 3 (XM 01,528,6749); PepT1/F -5 CCG CTG AGG AGG ATC ACT GTT 3 and PepT1/R -5 CAA AAG AGC AGC AGC AAT GA 3 (KF 366,603); APN/F -5 TGG AAT GAC CTG TGG TTG AA 3 and APN/R -5 TCG ATG AAG GGA TCA TTG ATC 3 (JX 01,4437); and GAPDH/F -5 GGT GAA AGT CGG AGT CAA CGG 3 and GAPDH/R -5 TCG ATG AAG GGA TCA TTG ATC 3 (NM 204,305). Relative gene expression was calculated in relation to the reference gene (GAPDH), according to the method 2 −ΔΔCt Ct (Pfaffl, 2001 ).
Statistical Analyses
Data were analyzed according to a completely randomized design with 5 treatments (in ovo Thr levels: 0; 1.75; 3.50; 5.25 and 7%). Six repetitions were used for morphometry analysis and 4 repetitions (13 birds/repetition) were used for performance. Linear and quadratic regression analyses were calculated using SAS (SAS 2006, Version 9.2). Gene expression data were analyzed by ANOVA and contrasts between control group and each treatment were assessed using Dunnet at 5% of probability. Incubation parameters were submitted to descriptive analysis with Microsoft Excel.
RESULTS
In ovo Thr increased total and fertile hatchability at all levels compared with the control group. Hatchability was higher in the treatments 3.5 and 7% in ovo Thr, whereas percentages were poorer with 0 and 1.75% (Table 1) , as a consequence of higher embryo mortality in the 0% treatment and lower mortality in the 3.5 and 7% treatments.
Threonine supplementation in ovo affected in a quadratic manner (P ≤ 0.05) the initial weight, final weight, and weight gain of chicks between 1 and 7 d of age. Greater initial weight (46.82 g/bird), final weight (158.39 g/bird) and weight gain (111.72 g/bird) were seen for the levels 5.87, 4.60, and 4.33% of in ovo Thr, represented by the equationsŶ = −0.0847x 2 + 0.9944x + 43.905 (r 2 = 0.92),Ŷ = −0.4693x 2 +4.3249x + 148.43 (r 2 = 0.78) andŶ = −0.3841x 2 + 3.3273x + 104.52 (r 2 = 0.73). There were no effects (P > 0.05) on feed intake and feed conversion; averages were 136.14 g/bird and 1.25 g/g, respectively (Table 2) . Final weight and weight gain increased linearly with increasing in ovo Thr supplementation levels (P ≤ 0.05) in the phase between 1 and 14 d. At each 1.75% supplementation, there was an increase of 17.5 g/bird in the final weight (Ŷ = 459.23 + 10.008x, r 2 = 0.79) and of 16.83 g/bird in the weight gain (Ŷ = 414.8 + 9.6291x, r 2 = 0.78). Furthermore, there was a decrease of 0.02 g/g in feed conversion (Ŷ = 1.222−0.0131x, r 2 = 0.57). Similar results were seen in the phase from 1 to 21 d; final weight and weight gain increased linearly, and feed conversion decreased, with the increasing levels of Thr in ovo (Table 2 ). There was an increase of 11.66 g/bird in the final weight (Ŷ = 975.88 +6.6663x, r 2 = 0.80) and of 10.96 g/bird in the weight gain (Ŷ = 931.45 + 6.2646x, r 2 = 0.79), with a decrease of 0.012 in feed conversion (Ŷ = 1.458-0.0074x. r 2 = 0.81) at each 1.75% increase in Thr supplemented in ovo. Table 2 . Effect of enrichment of amnion with threonine on performance, initial weight (IW, g), final weight (FW, g), weight gain (WG, g), food intake (FI, g), and feed conversion ratio (FCR, g/g) of broiler chicks in the phases of 1-7, 1-14 and 1-21 d. Hatchlings supplemented in ovo with Thr had higher (P ≤ 0.05) expression levels of MUC2 and PEPT1 compared to control birds, except the group supplemented with 7% of Thr, which was similar to the control group. APN expression levels were higher in 3.50 and 5.25% compared to the 0% treatment, the latter was similar to treatments 1.75 and 7% ( Figure 1A) .
Thr supplementation in ovo had no effect (P > 0.05) on MUC2 and PEPT1 at 21 d of age, whereas APN expression was higher (P ≤ 0.05) in the group injected in ovo with 3.5% Thr compared to the control group ( Figure 1B ). Differences between treatments were more striking at hatch than at 21d. MUC2 expression increased approximately 6-fold between hatch and 21 d of age, whereas a smaller increase was detected in the expression of PEPT1 and APN (approximately 1.5-and 4-fold, respectively). Villus height, crypt depth, and VH:CD in the jejunum were affected in a quadratic manner (P < 0.05) by Thr supplementation in ovo (Table 3 ). The greater villus height (357.92 μm), smaller crypt depth (44.44 μm), and greater VH:CD (7.58 μm) were estimated to the in ovo Thr supplementation levels of 6.46 (Ŷ = −2.9248x 2 + 37.8x + 235.8, r 2 = 0.93), 3.81 (Ŷ = 0.557x 2 -4.3969x + 52.82; r 2 = 0.52) and 4.66% (Ŷ = −0.1269x 2 + 1.1704x + 4.8869, r 2 = 0.73), respectively. A greater development of the villi and greater number of goblet cells was also seen in the jejunum of birds supplemented with 7% compared to the 0% group (Suppl. Figure S1 ).
In the ileum, there was a quadratic effect (P ≤ 0.05) for villus height and area at hatch (Table 3) . Greater villus height (252.1 μm) and area (0.012 mm 2 ) were estimated for the levels 6.23% (Ŷ = −2.0464x 2 + 25.488x + 172.75, r 2 = 0.83) and 4.75% (Ŷ = −0.0002x 2 + 0.0019x + 0.0075, r 2 = 0.84) of Thr, respectively. At 21 d of age, villus height, VH:CD, and villus area in the jejunum increased linearly (P ≤ 0.05) with increasing levels of Thr (Table 4) 
DISCUSSION
The hatching process is a period of great energy expenditure for the embryo and energy deficit eventually occurs, which increases embryo mortality and reduces hatchability. During the hatching process, glycogen storages in the liver and muscles become depleted due to the intense activity of the muscles involved in the pipping process. According to Shafey et al. (2012) , such low glycogen storages in the end of hatching may result in increased embryo mortality and weakened hatchlings. Besides, Uni and Ferket (2003) reported positive correlation between hatchability rates and glycogen reserves in the liver of turkey embryos before hatching. The results presented herein indicated that supplementation with Thr was beneficial, increasing hatchability, and reducing embryo mortality.
In many studies, Uni and Ferket (2004) have shown that nutrient supplementation in ovo is beneficial to maintain glycogen deposits, ensuring better nutrient utilization by the hatchling, reducing mortality and the incidence of skeletal disorders, and improving immune response, muscle development and performance during the production cycle. Therefore, it is believed that Thr supplemented in ovo contributed to maintain glycogen deposits by means of e.g., gluconeogenesis and increased glucose levels, contributing to improve hatchability and reduce embryo mortality.
Besides the beneficial effects on hatchability and embryo mortality, in ovo Thr supplementation improved initial body weight as well as performance in the periods of 1 to7, 1 to 14, and 1 to21 d of age. Initial body weight was greater in the birds of all treatments compared to the non-supplemented ones (0%). Thr at 7% increased initial body weight in 7.02% compared to the control group. Final weight and weight gain increased linearly and feed conversion decreased linearly with increasing in ovo from 1 to 14 and 1 to 21 d of age. Uni and Ferket (2004) reported that body weight increased 3 and 7% in chicks supplemented in ovo with carbohydrates and proteins, respectively, and the effect was still seen at 35 d.
Similarly, greater body weight has been reported from 14 to 21 and 21 to 28 d in birds supplemented with Thr in ovo, as well as improved feed conversion with increasing Thr levels (Kadam et al., 2008) . Higher body weight (42 d) and feed intake were also reported by Tahmasebi and Toghyani (2015) in birds supplemented with Thr in ovo.
The better performance of birds supplemented in ovo is probably related to changes in the metabolism during embryo development. In the last week of incubation, glycogen deposits are mobilized to support the greater development and ensure hatching. Therefore, metabolism is shifted to energy supplying. Since betaoxidation of yolk lipids is limited in the last period of embryo development due to the low oxygen supply (De Oliveira et al., 2008) , gluconeogenesis dependent on protein catabolism is probably the main glucose source for the embryo (Uni and Ferket, 2004) . Amino acids are mainly derived from the pectoral muscle and provide intermediate compounds for gluconeogenesis (Lu et al., 2007) . As a consequence of increased protein catabolism, chick growth and development are negatively affected, as well as body weight (Uni and Ferket, 2004) .
It is possible that Thr supplementation in the last week of incubation in the present study has supported the amino acid supply for gluconeogenesis and reduced muscle protein catabolism, consequently improving chick weight at hatch and performance post-hatch. Kadam et al. (2013) stated that Thr supplementation in ovo reduces muscle protein mobilization and favors protein synthesis.
An earlier GIT maturation might have also concurred, in the present study, for improved performance of birds that had been supplemented in ovo with Thr, since supplemented birds had greater development of the intestinal mucosa compared to the control group at hatch and, at 21 d, the improvement increased linearly with increasing levels of Thr levels. Nutrients injected in the amniotic fluid are consumed by the embryos before hatch and stimulate the development of the GIT, increasing the post-hatch ability to digest and absorb the nutrients (Uni and Ferket, 2004) . It is known that Thr has an important role in the development and maintenance of the integrity of the intestinal mucosa (Mao et al., 2011; Moreira Filho et al., 2015) . The earlier the functional capacity of the GIT is acquired, the better is the bird ability to properly use dietary nutrients, reflecting in better performance (Uni et al., 2006) . This becomes even more important for the first week posthatch, a period of great physiological changes and high energy demands to support the fast development of the GIT and the immune system, thermoregulation adjustment, and striking body growth Uni and Ferket, 2004) .
Beneficial effects of supplementing Thr in ovo on the intestinal development have been previously reported. Pepsin activity in the proventriculus and pancreatic amylase activity increased with increasing in ovo Thr levels (Kadam et al., 2008) . Besides, in ovo supplementation of both Thr and arginine (Arg) resulted in longer jejunum and ileum and higher villi in the ileum when compared to a control group (Tahmasebi and Toghyani, 2015) .
Thr dietary levels greatly affect Muc2 production and higher levels apparently helps the protection of the intestinal epithelium (Santos et al., 2013) . Muc2 is the major component of the protective mucus layer, which is the first barrier in the prevention of damage and infection by pathogenic bacteria (Linden et al., 2008) . The mucus layer can also affect digestion and absorption (Bhanja et al., 2014) and the establishment of the commensal bacteria population (Faure et al., 2006; Linden et al., 2008) .
In ovo supplementation of Thr in the present study increased Muc2 expression at hatch compared to non-supplemented birds, except for the 7% level. Wang et al. (2007) reported that both excessive and deficient Thr reduced Muc2 synthesis in the jejunum of piglets; nevertheless, only deficient levels resulted in performance impairment after weaning. Our results corroborate these findings, with lower Muc2 expression when Thr was not supplemented (0%) or supplemented in the highest level (7%), although the latter resulted in better performance. In some situations, recommended dietary Thr levels may limit the synthesis of intestinal mucins (Faure et al., 2005; Law et al., 2007; Azzam et al., 2011; Moreira Filho et al., 2015) and may impair the mucosal protection layer, but little is known on the effect of high Thr levels on the negative regulation of the Muc2 synthesis. Wang et al. (2007) believe that excessive Thr levels causes an amino acid imbalance in the intestinal lumen and shifts in the absorption of other amino acids, compromising Muc2 synthesis. In ovo supplementation with 7% of Thr may have affected negatively the absorption of other amino acids that share the same protein transporter as Thr and that also contribute for Muc2 synthesis, consequently decreasing the latter.
Chicks are exposed to many microorganisms just after hatch and defense mechanisms are not fully developed, and the intestines become an ecological niche of easy colonization, both for commensal microbiota and pathogenic microorganisms. Thus, the mucus layer is important for protection, mainly in these first hours post-hatch. The increased Muc2 expression at hatch reported herein following in ovo supplementation may be beneficial and result in better immune response posthatch, although such effect was not seen later in life (21 d). It is possible that the effect of in ovo supplementation of Thr on Muc2 expression is restricted to the post-hatch period. Since all birds had access to the same diet, it is possible that the similar and adequate Thr level provides proportional Muc2 production in all treatments.
Muc2 synthesis has been shown to be increased by in ovo Thr supplementation. Bhanja et al. (2014) observed that in ovo Thr upregulated Muc2 gene expression, as well as the expression of other genes involved in the intestinal immune response (IL-4, IL-6, and TNF-α). Kermanshahi et al. (2015) reported that the supplementation of Thr for quail embryos increased Muc2 expression after hatch and at 10 d of age.
The functional development and integrity of the intestinal mucosa is not only related to morphometric development; they are also related to the ontogeny and activity of digestive enzymes and nutrient transporters, responsible for digestion and absorption of nutrients. In ovo Thr supplementation contributed for a greater GIT development both in morphological and on functional development, improving performance in all treatments. Amniotic fluid ingestion in the final period incubation (17DE) is the first meal of the chick, and therefore the nutritional quality and quantity of the amnion is determinant for the metabolic and physiological transition of the embryo during the process of hatch and prepares the hatchling for the post-hatch changes (Uni et al., 2006) . Thus, the injection of nutrients in the amniotic fluid and its natural intake by the embryo before hatch stimulates the development of the GIT and improves the ability of the embryo to digest and assimilate nutrients post-hatch (Uni and Ferket, 2004) .
Interestingly, birds originated from eggs supplemented with 7% of Thr showed better performance, but also had lower expression of PepT1 and APN. Chen et al. (2005) reported that protein restriction upregulated PepT1 expression, although intense protein restriction from 1 to 14 d or free access to a balanced protein diet both resulted in down regulation of PepT1. Therefore, it is possible that the activity of transporters and enzymes in the intestinal mucosa is auto-regulated according to the nutrient availability. According to Gilbert et al. (2008) nutrient transport is modulated by the diet and the presence of substrates in the intestinal lumen.
The enzyme APN is an exopeptidase that cleaves amino acids from the N-terminal end of peptides, specifically for peptides formed by neutral and basic amino acids, as is the case of Thr (Gal-Garber and Uni, 2000) . It is possible that supplementation with higher Thr levels have caused an excessive increase of the available Thr in the intestinal lumen, consequently inhibiting both APN and PepT1 activities. At 21 d, although APN expression increased only in birds of the 3.5% treatment compared to the control treatment, performance was still improved. Food access probably ensured that birds from the control group had similar PepT1, APN, and Muc2 expression to the birds of other treatments. Higher APN and PepT1 expression was reported in birds supplemented with Arg in ovo mainly in the first week after hatch, and performance was improved for longer periods (Foye et al., 2009 ). The improvement in intestinal morphological development and performance were nevertheless seen until 21 d by birds originated from eggs supplemented in ovo.
In conclusion, in ovo supplementation with Thr acts beneficially on the morphological and functional development of the intestinal mucosa and ensures improved performance of hatchlings and birds at 21 d, so that better responses are seen with 7% Thr. Nevertheless, in ovo supplementation did not change Muc2 and PepT1 expression at 21 d of age. Further studies are warranted to elucidate the possible regulation mechanisms of Thr on the expression of genes involved in digestion, absorption, and defense of the intestinal mucosa.
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